Introduction {#Sec1}
============

The MYC transcription factor, regulating 15% of all annotated genes \[[@CR1]\], is recognized to play essential cellular roles in all cells by promoting cell proliferation \[[@CR2]\], growth \[[@CR2]\], adhesion \[[@CR3]\], metabolism \[[@CR4]\], angiogenesis \[[@CR5]\], differentiation \[[@CR3]\], apoptosis \[[@CR6]\], and metastatic dormancy \[[@CR7]\]. Deregulation of oncogenic *MYC* expression is observed in greater than 70% of human malignancies \[[@CR7]\] and occurs by several mechanisms, notably gene amplification and gene overexpression.

Importantly, *MYC* is amplified in 53% of basal-like breast cancers, which are triple-negative breast cancer (TNBC) \[[@CR8]\] lacking the expression of estrogen receptor, progesterone receptor and HER2 \[[@CR9]\]. Consequently, TNBC patients show elevated levels of MYC expression, which correlates with tumor progression with poor prognosis \[[@CR4], [@CR10]\]. It has been shown that MYC is overexpressed preferentially in TNBCs of the basal like subtype due to mechanisms such as copy number amplification (in \~53% of all basal-like breast cancers), changes in MYC promoter transcriptional regulation and protein stability \[[@CR5], [@CR11]\]. It has been suggested that MYC drives specific pathways in different breast tumors. While in ER− disease MYC overexpression may drive glucose metabolism to satisfy the proliferative demand of these tumors \[[@CR12], [@CR13]\], in ER+ disease MYC is associated with enhanced translation machinery and anti-oestrogen resistance \[[@CR12], [@CR14]\].

Despite its central oncogenic role, with the absence of a well-defined ligand-binding pocket, MYC has traditionally been considered a difficult-to-drug target \[[@CR15]\]. Moreover, selective small inhibitors disrupting the protein--protein interactions involved in the MYC signaling network have been developed. BET bromodomains inhibitors, such as JQ1 \[[@CR16], [@CR17]\] and OTX015 \[[@CR18]\], competitively bind to the acetyl-lysine recognition pocket of BET bromodomains reducing the recruitment of transcriptional activators \[[@CR17]\]. Notably, BET inhibitors (BETis) downregulate MYC transcriptional activity \[[@CR17]\] in TNBCs \[[@CR19]\], sarcomas \[[@CR16]\], and leukaemias \[[@CR18]\]. However, these inhibitors affect hundreds of targets resulting in poor selectivity and quick tumor-adaptative response in acute myeloid leukemia models and other cancer models, causing MYC levels to remain unchanged \[[@CR19]--[@CR21]\].

More selective strategies to inhibit MYC have focused on small molecule inhibitors disrupting the interaction between MYC and its direct binding partner, the transcription factor MAX \[[@CR22]\]. The IIA6B17 \[[@CR23]\], 10058F4 \[[@CR24]\], 10074-G5 \[[@CR24]\] compounds were derived from a peptidomimetic library and have been shown to specifically block MYC-MAX dimerization both in vitro and in vivo. A new MYC inhibitor, KJ-Pyr-9 \[[@CR25]\], was similarly isolated from a Kröhnke pyridine library screening and demonstrated growth inhibition of *MYC*-amplified TNBC xenografts \[[@CR25]\]. However, inhibiting MYC-MAX interaction in vivo has been limited by fast metabolism, poor potency, resistance mechanisms, and poor tumor penetrability of these small molecule inhibitors \[[@CR26]--[@CR30]\].

An alternative strategy to inhibit transcription factors takes advantage of peptide drugs, which, unlike small molecule inhibitors, have the potential to effectively block protein--protein interfaces that are relatively featureless. Specifically, interference peptides (iPeps) have been developed to specifically inhibit transcription factors requiring homodimerization and heterodimerization for transcriptional activity, such as homeodomain containing transcription factors overexpressed in TNBCs \[[@CR31], [@CR32]\]. Similarly, to specifically target MYC, a 92-amino acid bHLH-Zip protein designated as OmoMYC, was engineered as a dominant-negative MYC inhibitor. OmoMYC mimics the bHLH-Zip domain of MYC by incorporating four point mutations (E63T, E70I, R77Q, R78N) in the leucine zipper region (Fig. [1a](#Fig1){ref-type="fig"}) and thus prevents MYC heterodimerizing with MAX and inhibiting transcription activation of specific target genes \[[@CR33]--[@CR35]\]. Although OmoMYC exhibited some therapeutic potential for cancer treatment, most studies have deployed retroviral vectors or transgenic models which are not suitable for clinical translation \[[@CR35]--[@CR40]\]. OmoMYC on its own displays poor delivery across physiological barriers to the desired cellular compartment and thus, despite decades of active research, the therapeutic use of OmoMYC has been impaired by the lack of tumor cell penetration in vivo \[[@CR30]\].Fig. 1Treatment with FPPa-OmoMYC reduces cell viability, proliferation and induces apoptosis in TNBC cell lines. **a** Sequence and representative 3D structure of FPPa-OmoMYC interfering the interaction of MYC and MAX. Four amino acids substitutions that discriminate OmoMYC from MYC are shown in red. The FPPa sequence was selected from a Phylomer library promoting intracellular delivery as assessed by split-GFP complementation assay and protein production was as described \[[@CR73]\]. The FPPa sequence is filed under the available patent numbers 2017902976 and 2017201163 **b** Murine and **c** Human cell line panel; cells were treated with increasing concentrations of FPPa-OmoMYC and OmoMYC for 24 h. T11, A1.8 and B.15 cell murine cell lines were kindly provided by C. Perou and L. Varticovski. NIH-3T3, HDEF, MCF-7, ZR-751, MDA-MB-231, MCF-10A, and MCF-12A were obtained from ATCC. SUM149, and SUM159 were purchased from Asterand Biosciences. All cell lines were tested for mycoplasma. Cells were seeded and treated for 24 h with increasing concentrations (0--15 µM) of FPPa-OmoMYC and OmoMYC. After treatments, cell viability was assessed using CellTiter-Glo® 2.0 (Promega). Luminescence signals were measured using the EnVision Multilabel Plate Reader (PerkinElmer Inc.; Waltham, MA, USA). IC~50~s were calculated and transformed 95% confidence intervals provided by GraphPad Prism 6 software analysis (GraphPad Software Inc., San Diego, CA, USA). IF assays showing cleaved caspase-3 (Cell Signalling Technology, \#9661) (**d**) and proliferation (Ki-67, Cell Signaling Technology, \#9449) (**e**) levels in T11 cells treated with FPPa-OmoMYC for 24 h at a concentration of 15 µM. Cells were seeded on coverslips. The following day, cells were treated with FPPa, OmoMYC, FPPa-OmoMYC, and vehicle (PBS) at a concentration of 15 µM for 24 h. Next, IF for Ki-67 (proliferation) and cleaved caspase-3 (apoptosis) was performed as previously described \[[@CR32]\]. The IC~50~ values shown are mean ± SD from biological triplicate samples. All p-values were derived using two-tailed unpaired Student *t*-test where \*, \*\* and \*\*\* represent *p* \< 0.05, *p* \< 0.005 and *p* \< 0.0005, respectively relative to NIH-3T3 and HDEF

Herein, we describe the engineering of OmoMYC with an N-terminal functional penetrating Phylomer (FPP) (Hoffmann *et al.*, unpublished). The FPP sequence was derived from a structurally diverse Phylomer phage-display library comprising hundreds of millions of sequences (so-called Phylomers) of microbial and viral genomic origin \[[@CR41]--[@CR44]\]. The hallmark of this new generation of cell penetrating sequences is their capacity to evade late endosomal trapping and thus substantially enhancing both the intracellular delivery and the functionality of peptide drugs targeting intracellular ligands. In addition, the cell penetrating peptides derived from Phylomer libraries are not inherently associated with adverse immunoresponses. Shorter Phylomers such as those identified as cell penetrating peptides, have a lower stochastic likelihood of having MHC-binding T-cell epitopes \[[@CR41]\]. And these particular peptides are made of L-amino acids which confer enhanced invisibility against proteases leading to a decreased immune system response mediated by antigen-presenting cells \[[@CR45]\]. Here we demonstrated for the first time high efficacy of FPP-OmoMYC to inhibit TNBC growth with an IC~50~ concentration of \~1 µM, and thus at least one order of magnitude superior to known small molecule MYC inhibitors, with negligible effect in non-transformed cells. Importantly, FPP-OmoMYC exhibited potent anti-tumor effect in vivo in an aggressive TNBC allograft model, even after the cessation of treatment. Lastly, we discovered potent synergistic interactions between FPP-OmoMYC and docetaxel, doxorubicin and cetuximab which could be implemented for future treatment of MYC-activated cancers.

Results and discussion {#Sec2}
======================

To assess the efficacy and selectivity of inhibiting MYC with interfering peptides in breast cancer cells, we engineered OmoMYC with an N-terminal FPP (namely FPPa, Fig. [1a](#Fig1){ref-type="fig"}). The resulting fusion, FPPa-OmoMYC, and controls (FPPa and OmoMYC in absence of the cell penetration sequence FPPa) were first tested in a panel of murine and human breast cancer cell lines as well as in normal cells.

We found that OmoMYC, in the absence of FPPa, had no significant effect on cell viability in any of the cell lines tested (Fig. [1b](#Fig1){ref-type="fig"}, c right). Similarly, the FPPa sequence on its own lacked biological activity (Supplementary Fig. [1a and b](#MOESM1){ref-type="media"}). In contrast, FPPa-OmoMYC effectively inhibited the growth of the highly aggressive stem cell marker-enriched claudin-low T11 (p53^−/−^) \[[@CR43], [@CR46]\] and basal-like A1.8 and B.15 (BRCA1^−/−^) \[[@CR47]\] TNBC murine cell lines while having little effect on mouse embryonic fibroblasts (NIH-3T3) (Fig. [1b](#Fig1){ref-type="fig"} left). This suggested that FPPa was necessary for conferring anti-cancer activity to OmoMYC. While a few reports have explored peptide-based cell penetration agents \[[@CR48]\] or biopolymers \[[@CR49]\] as delivery vehicles for MYC-dominant negative peptides, \>10 µM concentration and \>10 days were required for biological activity. In contrast, we observed that FPPa-OmoMYC significantly reduced cell viability at 24 h (h) in the TNBC claudin-low MDA-MB-231 and SUM159 and basal-like SUM149 cell lines with low micromolar (1--2 µM) inhibitory dose fifty values (IC~50~s), while dermal epithelial fibroblasts (HDEF), normal-like epithelial cells (MCF-10A and MCF-12A) and less aggressive luminal-like cells (MCF-7 and ZR-751) significantly remained less affected by the treatment (Fig. [1c](#Fig1){ref-type="fig"} left). In contrast, all MYC inhibitors reported so far caused mainly cell growth arrest but not substantial cell death even when delivered at very high concentrations (10--65 µM) and for long treatment periods (\>11 days) \[[@CR24]--[@CR26], [@CR48], [@CR49]\]. This suggested that FPPa-OmoMYC preferentially targets highly aggressive TNBC cell lines with unprecedented potencies and with negligible effect in non-transformed cells. This is consistent with reports demonstrating high sensitivity to MYC inhibition in TNBC overexpressing *MYC* \[[@CR50]\]. The differential response between cell lines could be attributed to many factors, since MYC drives multiple physiological processes in different cell types. It has been shown that TNBCs possess higher MYC levels relative to that in other breast cancer subtypes. TNBC could therefore be more "addicted" to MYC oncogenic signaling for survival. Thus, this breast cancer subtype may be particularly sensitive to specific MYC inhibition. We further confirmed potent anti-cancer activity of FPPa-OmoMYC in T11 and SUM159 cells by a cleaved caspase-3 assay, which demonstrated very strong cell death induction, with \~97% of cells undergoing apoptosis after FPPa-OmoMYC treatment (Fig. [1d](#Fig1){ref-type="fig"}; Supplementary Fig. [2a](#MOESM2){ref-type="media"}), whereas only basal levels of apoptosis were observed with the control peptides FPPa and OmoMYC. Notably, T11 and SUM159 are p53-deficient TNBC cell lines. Our observation supports previous findings showing that OmoMYC enhanced MYC-induced apoptosis in myoblasts \[[@CR34]\] and glioma cells \[[@CR37]\] in a p53 independent fashion \[[@CR51]\]. As expected, FPPa-OmoMYC, but not FPPa or OmoMYC alone, significantly inhibited 82% of cell proliferation (Ki-67) in T11 cells and 94% in SUM159 cells relative to that of vehicle-treated cells (Fig. [1e](#Fig1){ref-type="fig"}; Supplementary Fig. [2b](#MOESM2){ref-type="media"}).

Next, we investigated the specificity of FPPa-OmoMYC in inhibiting MYC-dependent networks by RNA sequencing. TNBC T11 cells were treated with either FPPa-OmoMYC, FPPa, OmoMYC (at a 5 µM concentration) or vehicle (control) for 3 and 6 h, and processed by RNA extraction and sequencing. Principal component analysis (PCA) revealed that only FPPa-OmoMYC was able to induce significant changes in global gene expression relative to controls (Fig. [2a](#Fig2){ref-type="fig"}). We observed separate clusters for 3 and 6 h treatment groups, signifying sequential changes in gene expression profiles upon treatment. Gene set enrichment analysis (GSEA) revealed down-regulation of MYC activated sets \[[@CR52]\] at 6 h post-treatment, while de-repression of MYC-repressed genes was observed at both 3 and 6 h time points (Fig. [2b](#Fig2){ref-type="fig"}). We identified five clusters of differentially expressed genes, designated as K0--K4. Gene Ontology (GO) analysis showed that cell cycle and cell division related processes were decreased during early and late stages (K0--K1), but a subset of these processes, including mitotic nuclear division, cell cycle and DNA metabolism recovered later (K1) (Fig. [2c, d](#Fig2){ref-type="fig"}). Various catabolic processes were induced at 3 h but decreased by 6 h (K3) and processes relating to RNA polymerase-II transcription were induced (K2 and K4). Notably, genes involved in the regulation of cell death were induced early and maintained at high levels at later time point (K2) (Fig. [2c](#Fig2){ref-type="fig"}). This supports the notion that more extended treatment may have even more profound effects. Recent studies have shown that the affinity of MYC-binding sites stratifies with different biological processes \[[@CR53]\]. Low affinity sites are occupied only when MYC levels are high, as seen in various tumors \[[@CR54]\], while high-affinity MYC sites are occupied by physiological levels of MYC and thought to be important for normal proliferating cells, perhaps explaining the low toxicity profile of the peptide for non-transformed cells. We also observed that the control peptides (FPPa, or OmoMYC alone) were unable to induce significant changes in the transcriptome. Our data provide molecular insights into the specificity of FPPa-OmoMYC in targeting cancer cells and its inhibition of MYC halts multiple facets of MYC function. This is in contrast with current inhibitors used in the clinic, such as anti-metabolites or CDK4 inhibitors \[[@CR55], [@CR56]\] which block only individual sets of MYC-dependent gene clusters. Collectively, these data support the notion that FPPa-OmoMYC regulates the tumor cell transcriptome in a MYC-dependent manner. In addition, we have outlined previously unknown dynamic changes of gene expression correlating with specific biological processes upon specific MYC inhibition via a peptide interference approach.Fig. 2Extracellular delivery of FPPa-OmoMYC induces global gene expression changes. **a** PCA of global transcriptome from T11 cells treated with vehicle, FPPa, OmoMYC, and FPPa-OmoMYC, for 3 and 6 h. PCA was generated using R packages to assess variance expression patterns between controls and treatment groups. T11 cells were seeded, followed by 3 and 6 h treatment with vehicle (PBS), FPPa, OmoMYC, and FPPa-OmoMYC, at a concentration of 5 µM. Total RNA was then extracted from three biological replicates using RNeasy Mini Kit (Qiagen). All submitted samples at Australian Genome Research Facility (AGRF) in Perth had RNA integrity number of 10. Library preparation was carried out using Ilumina TruSeq mRNA Sample Preparation Kit according to manufacturer's protocol at Phylogica Pty Ltd in Telethon Kids Institute. **b** GSEA of MYC target genes in FPPa-OmoMYC compared with vehicle at 6 h (upper panel) and 3 h (lower panel). GSEA was performed with the Signal2noise metric for ranking genes, 1000 permutations and the permutation type was set to Gene Set. The number of samples per phenotype was three. Sequencing of each library was performed on Illumina HiSeq using standard protocols at AGRF in Melbourne. The sequence reads were processed using Tuxedo tools and aligned to the mm9 mouse genome. **c** k-means clustering result showing at least two-fold differentially expressed genes, clustered into five groups (K0--K4, Bonferroni corrected FDR \< 0.01). The colored bar on the left side of the heatmap shows overexpressed genes (red) and underexpressed (green) compared to counterparts. Differential gene expression between samples was quantified at the gene level using Cuffdiff in Cufflinks suite. The cut-off criteria were corrected using Bonferroni FDR 0.01 between any of the two sets out of nine experiments. The whole RNA sequencing study and data can be viewed at ([GSE104553](https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE104553)) and GSM2803244-67 **d** GO term analysis of top enriched biological pathways associated with K0 to K4 cluster genes. In green, cellular pathways associated with the differentially down-regulated genes and in red with the up-regulated genes

In order to validate that FPPa-OmoMYC competes with MYC for binding to MAX, we have performed immunoprecipitation experiments in T11 cells treated with the control conditions (OmoMYC and FPPa) and with FPPa-OmoMYC at 5 µM for 6 h (Supplementary Fig. [3](#MOESM3){ref-type="media"}). After the treatments, we pulled down endogenous MYC and immunoblotted the immunoprecipitated lysates against MAX. We observed that the treatment with FPPa-OmoMYC decreased the amount of bound MAX to MYC by 43.4% relative to that of the control condition OmoMYC. This confirmed that the active FPPa-OmoMYC peptide disrupted the interaction between MYC and its binding partner MAX and thus competes with MYC for binding to MAX.

FPPa-OmoMYC acts by reducing the binding between MYC and MAX thus interfering with the transcriptional activity of MYC. Previously characterized MYC inhibitors are: H1, IIA6B17, 10058-F4, 10074-G5, and KJ-Pyr-9. These inhibitors disrupt either the binding of MYC with MAX (generally binding to MYC), or to the binding of MYC with the DNA. For instance, H1 binds to the H1 helix of the DNA binding domain of MYC. IIA6B17 possibly binds the helix-loop-helix (HLH) domain or the leucine zipper (HLH-ZIP) of either MYC or MAX but the exact binding site of the inhibitor has not been precisely determined. Similarly, 10058-F4 and 10074-G5 may bind in different regions of the HLH and HLH--ZIP domains of MYC. Finally, KJ-Pyr-9 was found to strongly bind to MYC, to the MYC-MAX heterodimer, and weakly to the MAX homodimer, but its binding site has not been precisely mapped. To investigate the efficacy of FPPa-OmoMYC in reducing breast cancer growth in vivo, we took advantage of a T11 allograft model, which faithfully models a highly proliferative and aggressive claudin-low TNBC \[[@CR32], [@CR46]\]. This model recapitulates highly aggressive claudin-low (mesenchymal) TNBC chemoresistant breast cancer. In contrast to other TNBC mice models such as human cell xenotransplants or humanized models, syngeneic T11 allografts carry an intact immune system. Consequently, we reasoned that this model has the advantage in that it mimics aggressive TNBC in patients. From day 1--4 post-inoculation of the cells, we observed a rapid increase of tumor burden to a volume of 50 mm^3^ (Fig. [3a](#Fig3){ref-type="fig"}). During treatment (day 4--10), a small but significant effect (*p* = 0.021) was observed when delivering OmoMYC (day 6). However, mice treated with FPPa-OmoMYC showed the strongest therapeutic effect (day 6: vehicle vs FPPa-OmoMYC, *p* = 1.24 × 10^−6^). Importantly, at day 6, tumors treated with FPPa-OmoMYC exhibited a marked and significant shrinkage, 31%, as compared to day 4 (*p* = 3.57 × 10^−3^). Notably, at day 15 post-inoculation (post-treatment phase), FPPa-OmoMYC maintained a significant therapeutic effect, with an average tumor volume two-fold lower than control groups (vehicle:896.6 mm^3^, *p* = 7.13 × 10^−4^; FPPa:755.7 mm^3^, *p* = 2.76 × 10^−3^; OmoMYC:738.7 mm^3^, *p* = 7.78 × 10^−3^ and FPPa-OmoMYC:436.8 mm^3^). This antitumoral effect of FPPa-OmoMYC, which was maintained after cessation of treatment, suggests that treatment for a longer period, with more than four injections, may result in a more sustained anti-tumor effect. While the majority of mice treated with vehicle control, FPPa or OmoMYC reached experimental (ethical) endpoint by day 17 post-inoculation of the cells, FPPa-OmoMYC animals retained tumor volumes \< 800 mm^3^ until day 22 (Fig. [3b](#Fig3){ref-type="fig"}). Consistently, it has also been shown that inactivation of MYC in tumors using inducible viral systems was sufficient for sustained tumor regression, growth arrest, and differentiation in an in vivo osteogenic sarcoma mouse model \[[@CR57]\].Fig. 3MYC inhibition with FPPa-OmoMYC confers therapeutic effect in a tumor allograft model in mice. **a** Left: Tumor volumes during the treatment phase of mice treated with vehicle, FPPa-OmoMYC, OmoMYC, and FPPa. Black arrows indicate injections. Right: Tumor volumes during the post-treatment phase. T11 cells stably expressing the luciferase gene were obtained using a retroviral expression vector. Retroviral particles were produced in HEK293T GAG-POL cells transfected with the retroviral packaging plasmids VSV-G. T11 cells were freshly infected with the supernatants a total of four times. All experimental animal work was performed in accordance with the Animal Ethics Committee of the University of Western Australia. Female BALB/cJ mice at 4 weeks of age were purchased from the Animal Resources Centre (WA, Australia). 2.5 × 10^5^ T11 cells were resuspended in 1:1 serum-free media: Matrigel (BD Bioscience, NSW, Australia) and injected subcutaneously into the flank. Once tumors reached 50 mm \[[@CR3]\], 12 mice were randomly assigned for each group: vehicle (PBS), FPPa, OmoMYC, and FPPa-OmoMYC. 40 nmoles of peptides were intratumorally injected every two days for a total of four times. Tumors were measured by digital caliper and tumor volumes calculated with the formula: *V* = 0.5 × L × W^2^. Mice were sacrificed when the tumors were \>800 mm^3^. **b** Percentage of mice with tumors \< 800 mm^3^. **c** Images of H&E, Ki-67, PD-L1, and TUNEL stainings of representative allografts derived from vehicle, FPPa-OmoMYC, OmoMYC, and FPPa treated mice at day 12. H&E, Ki-67, PD-L1 (Abcam, ab174838), and TUNEL stainings in the tumors were performed as described \[[@CR27]\]. Images are at 40× magnification. \*, \*\* and \*\*\* represent *p* \< 0.05, *p* \< 0.005 and *p* \< 0.0005 respectively, relative to FPPa-OmoMYC treated group

In summary, FPPa-OmoMYC demonstrated potent anti-cancer activity by reducing the growth of highly proliferative claudin-low breast carcinoma cells in vivo. Small molecules inhibiting MYC, such as Mycro3 and KJ-Pyr-9, have demonstrated anti-cancer activity in vivo in a Kras-induced pancreatic cancer model \[[@CR58]\] and in a TNBC xenograft \[[@CR25]\]. However, a very high dose of inhibitor (100 mg/Kg) and 30 days treatment were required to achieve therapeutic benefit. Importantly, our study demonstrated significant reduction in tumor volume after just the initial injection at a dose of 32.2 mg/Kg. This corresponds to 291 µM of the peptide, outlining the highest potency of our MYC inhibitor compared to previously reported inhibitors used so far in pre-clinical studies in vivo \[[@CR58]\].

The therapeutic effect of FPPa-OmoMYC was further confirmed by analyzing the harvested tumor tissues at day 12 post-inoculation by immunofluorescence (IF) and immunohistochemistry (IHC) (Fig. [3c](#Fig3){ref-type="fig"}).

Similarly, we observed a significant reduction in tumor cell proliferation (Ki-67) in the FPPa-OmoMYC treated tumors compared to that of all the other groups (vehicle vs FPPa-OmoMYC, *p* = 7.55 × 10^−8^). Induction of apoptosis by FPPa-OmoMYC in the tumor sections was confirmed by TUNEL assay with a six-fold increase in positive cells relative to vehicle (*p* = 9.85 × 10^−8^) (Fig. [3c](#Fig3){ref-type="fig"} LAST PANEL). These results demonstrate that FPPa-OmoMYC, but not OmoMYC or FPPa, is able to inhibit tumor proliferation and induce apoptosis when administered orthotopically in highly aggressive T11 allografts. We found that some of the anti-tumor effects of FPPa-OmoMYC were maintained even after the cessation of the treatment, confirming previous findings in osteogenic sarcoma mouse model \[[@CR57]\].

Lastly, to assess the expression of direct MYC targets in the tumors, we quantified the protein levels of PD-L1 after FPPa-OmoMYC treatment by IHC. PD-L1 is an immune checkpoint protein, recently found to be downregulated following MYC inactivation \[[@CR59]\]. Consistently, our data demonstrated a highly significant decrease in the expression of this direct MYC target in tumors treated with FPPa-OmoMYC relative to vehicle (*p* = 5.16 × 10^−7^) (Fig. [3c](#Fig3){ref-type="fig"}).

MYC inhibitors have been investigated in combination with several chemotherapeutic drugs with the aim of reducing high drug dosage requirements for killing tumor cells, minimizing side effects while maintaining cytotoxic potential. For example, BET inhibitors were shown to sustain PI3K inhibition after lapatinib (EGFR inhibitor) treatment in breast cancer, enhancing their therapeutic potential \[[@CR60], [@CR61]\]. Additionally, MYC antisense oligonucleotides have been combined with cisplatin in melanoma \[[@CR62]\], 10058-F4 and JQ-1 with the BCL2 inhibitor ABT-199 in lymphoma cells \[[@CR63]\], and 10058-F4 with doxorubicin in leukemia cells \[[@CR64]\]. To investigate whether FPPa-OmoMYC was able to sensitize TNBC cells to chemotherapy, four chemotherapeutic drugs commonly used in the clinic for the treatment of metastatic cancers, including breast \[[@CR65]--[@CR67]\] and head and neck carcinoma \[[@CR68]\] were chosen (taxane: docetaxel; anthracycline: doxorubicin; epidermal growth factor receptor (EGFR): erlotinib; and monoclonal antibody: cetuximab). These inhibitors were tested alone or in combination with FPPa-OmoMYC (Fig. [4a--d](#Fig4){ref-type="fig"}). We found that T11 and SUM149 cells responded to the combinations of docetaxel + FPPa-OmoMYC and cetuximab + FPPa-OmoMYC, respectively, with a combination index (CI) lower than 1, indicating highly synergistic interactions (Fig. [4a](#Fig4){ref-type="fig"} and d right). In addition, doxorubicin and erlotinib showed synergistic CI values with FPPa-OmoMYC only at high drug concentrations (Fig. [4b](#Fig4){ref-type="fig"} and c right). These data indicated that FPPa-OmoMYC sensitized TNBC cells to the effects of chemotherapeutic agents, particularly for docetaxel and cetuximab. Clinical studies have indeed confirmed that docetaxel is highly efficacious when administered in MYC-activated TNBC patients \[[@CR69]\]. Likewise, cetuximab could be used in conjunction with FPPa-OmoMYC to selectively target TNBC which frequently exhibit EGRF overexpression \[[@CR70]\]. MYC has been shown to be associated with chemoresistance, particularly in TNBC, which has been extensively reported elsewhere in the literature \[[@CR71]\]. The indirect MYC inhibitors, BET inhibitors, JQ1 and I-BET151, combined with lapatinib (an EGFR/ERBB2 inhibitor), demonstrated a cytotoxic synergistic effect in breast cancer in vitro and in vivo through the prevention of PI3K/AKT reactivation \[[@CR60], [@CR61]\]. Lastly the MYC antagonist polypeptide Penetratin-elastin like polypeptide-H1 was used in combination with doxorubicin in MCF-7 cells and resulted in a drug sensitization effect attributed to the decrease in the mRNA levels of polyamine synthesizing enzyme ornithine decarboxylase, which is at the same time a gene controlled by MYC \[[@CR72]\]. These previous works are consistent with the synergism observed between FPPa-OmoMYC and cytotoxic chemoterapies.Fig. 4Evaluation of synergistic effects between FPPa-OmoMYC and chemotherapeutic drugs. Left: **a**--**c** Survival plots of T11 and **d** SUM149 cells treated with chemotherapeutic drugs alone or combined with FPPa-OmoMYC. Right: **a**--**d** Combination index plots. Chou and Talalay algorithm \[[@CR74]\], included in the freely available CompuSyn software, was used to determine the nature of the interaction between the chemotherapeutic drug and FPPa-OmoMYC. Drugs were combined in constant ratios and the combination index (CI) value was determined. CI \< 1 means synergism, CI = 1 means additivism and CI \> 1 means antagonism. Values shown are mean ± SD from biological triplicate samples

In summary, we report for the first time, a potent delivery approach for OmoMYC with potential use in cancer therapy. Fusion of FPPa to OmoMYC led to unprecedented enhancement of MYC inhibition, tumor growth inhibition, and biological activity at the tumor site. Brief treatment of tumor cells with FPPa-OmoMYC led to a potent and specific activation of anti-proliferative and pro-apoptotic programs in highly aggressive TNBC cells both in vitro and in vivo. Our study has important implications for the design of a clinically relevant therapeutic approach for inhibiting MYC in highly aggressive and chemoresistant cancers, such as TNBC, for which no targeted therapy is available. Further re-engineering of FPPa-OmoMYC with targeting motifs could both enhance tumor cell specificity and/or provide target customization to specific subtypes of MYC-addicted cancers. Future investigations should expand this work with the design of targeted interference peptides engineered with tumor-specific homing sequences to enable tumor homing upon systemic administration.
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